Introduction
Groundwater is used as a source of drinking water all over the world (IWA, 2012) . Concentrations of natural and anthropogenic inorganic and organic compounds, such as iron (II), manganese (II), ammonium, arsenic and pesticides, may exceed drinking water guidelines (European Parliament and Council, 1998) in abstracted groundwater which calls for treatment before distributing to consumers.
Pesticides are frequently detected in groundwater abstraction wells all over Europe (EEA, 2013) . However, the concentration of pesticides in drinking water and groundwater should not exceed 0.1 µg/L for a single compound, or 0.5 µg/L for the sum of all pesticides (European Parliament and Council, 2006) . Pesticides can be removed in drinking water treatment systems by applying advanced technologies such as advanced oxidation (e.g. Suty et al., 2004) and granular activated carbon filtration (GAC) (e.g. Heijman et al., 2002) . However, the cost-effectiveness and environmental sustainability of these processes still remain uncertain.
In Denmark, water treatment is generally simple and consists of the aeration of anaerobic groundwater. Aeration is followed by filtration in rapid sand filters designed for a contact time of between 7.5 and 20 minutes. No disinfection is included in the treatment process (Winter et al., 2003) . The purpose of aeration is to add oxygen (to a concentration of 8-10 mg/L) to the anaerobic inlet water, while volatile compounds such as methane and hydrogen sulphide are stripped off. Increased oxygen concentrations are necessary for the subsequent removal of iron (II), manganese (II) and ammonium.
Rapid sand filters, which are biological filters, are used in drinking water treatment plants globally (Rittmann et al., 2012; Zearley and Summers, 2012; Mouchet, 1992) . They constitute a highly complex system of several simultaneous removal mechanisms whereby iron (II) and manganese (II) are removed by physiochemical and biological oxidation processes and precipitation (Mouchet, 1992; Tekerlekopoulou et al., 2013) , while ammonium is oxidised biologically in the nitrification process into nitrite and then nitrate (Lytle et al., 2007) . The nature and interactions of these processes are not yet understood fully, but it is known that they depend on water quality, the environment and operating conditions (Tekerlekopoulou et al., 2013) .
Besides removing inorganic components, different investigations have shown that biological filters can remove organic chemicals such as methyl tert-butyl ether (MTBE) (Arvin et al., 2004) , 2-methylisoborneol (MIB) and geosmin (Ho et al., 2007) . Though lab-scale studies have shown a biological removal potential of pharmaceuticals and pesticides (Zearley and Summers, 2012; Hedegaard and Albrechtsen, 2014) , it is still uncertain whether there is a similar removal potential in full-scale rapid sand filters and the biological chemical processes involved remain unknown (Benner et al., 2013) .
In groundwater some of the most frequently detected pesticides are phenoxy acids, including mecoprop (MCPP), which have been used extensively as herbicides in agriculture (Buss et al., 2006) . MCPP is still used in some European countries, i.e. France, Italy and Austria (EU Pesticide Database, 2013), but its use has been restricted in Denmark (The Danish Ministry of the Environment, 2013; GEUS, 2012). However, in Denmark, MCPP was detected in 4.2% of groundwater samples in the period 1990-2012, and the guideline value of 0.1 µg/L was exceeded in 1.1% (GEUS, 2013) . Usually when guideline is exceeded the normal practice is to close or dilute water from contaminated abstraction wells.
The water treatment at Kerteminde Waterworks, Denmark, consists of the same simple treatment line as other waterworks in Denmark. MCPP contamination has been detected below the guideline value of 0.1 µg/L in abstracted anaerobic groundwater for more than nine years ( Figure 1) (Jupiter, 2013) , and it has been observed that the herbicide was removed during the treatment (Ferguson et al., 2009 ). However, it is not known where in the treatment line MCPP was removed, or which mechanisms governed the removal. These questions cannot be answered based on the international literature, so the purpose of this investigation is to:
• Investigate where in the waterworks treatment line MCPP was removed from the water phase. • Investigate which mechanisms were responsible for the removal of MCPP.
• Investigate whether compounds which the waterworks was designed to remove were actually removed from the water as expected. 274, 137.439, 137.511, 137.610, 137.818, 137.913, 137.914, 137.971 ) and in effluent water taken from the waterworks (Jupiter, 2013) .
Materials and methods

Investigations at Kerteminde Waterworks
Kerteminde Waterworks, Denmark, is a typical Danish municipal groundwaterbased waterworks operating a simple treatment line ( Figure 2 ). The waterworks was expanded in 1979, and as a result it now has two parallel filter lines. In the treatment line anaerobic groundwater is aerated by diffused air aerators, and filtrated in three parallel primary rapid sand filters. Afterwards, the water is filtrated in parallel secondary sand filters -with a distribution of approximately 20% of the water to four filters in Filter line 1, which are part of the original waterworks, and 80% to two parallel filters in Filter line 2, which was added in 1979. Filter characteristics are described in Table 1 . The water is finally stored in clean water tanks before being distributed to consumers. No disinfection is included in the treatment process. The water quality of the groundwater is characterised by reduced conditions in the aquifer, expressed by low nitrate concentrations, for instance ( Table 2 ). During the investigations Kerteminde Waterworks distributed about 600,000 m 3 of water per year and received raw water from eight groundwater abstraction wells, seven of which were contaminated with varying concentrations of phenoxy acids, especially MCPP (below 0.01 µg/L to 0.080 µg/L, Figure 1 ). The waterworks was operated 24 hours a day, with flow varying according to consumption. The inlet concentration of MCPP depended on the combination of abstraction wells and could be anything up to 0.08 µg/L. The investigations in this paper were carried out in two steps, as described in the following. 
MCPP removal at Kerteminde Waterworks.
It was investigated where in the treatment line MCPP was removed. Water quality parameters were measured throughout the waterworks in Filter line 1 (Figure 2) , where the secondary rapid filters had a contact time of 63 minutes (Table 1) .
MCPP removal mechanisms at Kerteminde Waterworks. The removal of MCPP was investigated throughout Kerteminde Waterworks in Filter line 2, by focusing on the secondary rapid sand filters with a contact time of 8 minutes (Table  1) . Reactions in the filter sand were investigated at different depths, and two laboratory experiments were carried out to investigate a) the microbial degradation potential of MCPP and b) the sorption capacity of the filter sand.
Water samples
Water samples were collected throughout the treatment line at Kerteminde Waterworks and then analysed for water quality parameters by the certified company EUROFINS A/S. Water samples were collected before aeration, after the reaction chamber and after each of the three primary filters in mixed water from the secondary filters in Filter line 1, mixed water from the secondary filters in Filter line 2, inside the large clean water tank and from the inlet to the small clean water tank ( Figure 2 ). Water samples were collected from different depths down through the secondary sand filters of Filter line 2 (t contact = 8 minutes). Samples were collected at least 0.5 m horizontal from the wall of the rapid sand filter, with a sterile stainless steel pipe (length: 150 cm, outside diameter 10 mm, inner diameter 7 mm) which had an intake screen on 2 cm on the tip. The water was drawn through the pipe in a silicone tube (inner diameter 10 mm) with a peristaltic pump at a flow rate of 300 mL/min. Thereby only a small fraction of the available water in the sampling depth interval was collected. Before water samples were collected, the sampling device was flushed with water for 5 minutes -equating to 12 water volumes.
Mixed effluent water from the secondary filters in Filter line 1 was used as test water for the microbial degradation and sorption experiments. The water was sterilefiltrated (0.2 µm filters) and stored below 10°C in the dark in sterile 5 L PYREX oven heated bottles (used within 24 hours).
Collection of filter sand
Filter sand was collected by a sterile stainless steel sampler (inner diameter 6 cm) with a closure in the bottom of polyethylene. The sampler was installed inside a sterile stainless steel casing, which was pressed down into the filter sand to the sampling depths, in order to allow for the withdrawal of samples which were then transferred to sterile glass jars and transported to the laboratory in cooling bags. The filter material was stored at 10°C until the microcosms were set up (within 24 hours).
Chemicals
The experiments were carried out with [ring-14 C]-MCPP isotops (Izotop, Institute of Isotopes Co., Ltd., Hungary) with a radiochemical purity of >95% and a specific activity of 23 mCi/mmol according to the manufactor. [ 14 C]-MCPP was diluted in MilliQ water.
Microbial degradation
Microcosms were set up by applying 80 g wet filter sand (dry weight 79.17 ± 0.13 g) and 80 mL test water to 300 mL serum bottles. Abiotic controls were microcosms to which sodium azide was added to a final concentration of 2 g/L. They were set up the same day as filter sand was collected at the waterworks -the day before the experiment took place, in order to achieve the efficient inhibition of microbial activity. Microcosms and abiotic controls were set up in triplicate for each filter depth. Additionally, controls with water only were set-up with unsterilised test water, but without filter sand, to investigate the degradation potential of the test water. All microcosms and controls were closed with Teflon caps and aluminum lids and incubated in dark.
Within 24 hours after the filter sand was collected at Kerteminde Waterworks, the experiment was started by adding 14 C-MCPP to an initial concentration of 0.2 µg/L. Water samples were collected from the microcosms frequently during the first six hours, and once after 24 hours. Water samples of 5 mL were collected by a sterile syringe through the Teflon cap and filtered (0.2 µm PTFE, Advancetec/MFS 13 HP) into 20 mL vials. The extracted water volume from the microcosms was replaced with sterile air. A double-vial system was set up to strip off 14 CO 2 produced from the water sample, by adding 37% HCl and then catching 14 CO 2 in a base (1 mL 2M NaOH) in an inner vial (6 mL) (Janniche et al., 2010) . The 14 C-activity of the water sample and 14 CO 2 was subsequently quantified.
Sorption
Serum bottles (50 mL) were set up with 20 g wet filter sand (dry weight 19.79 ± 0.03 g) and 10 mL sodium azide solution at a concentration of 4 g/L, to inhibit microbial activity in the filter sand, the same day filter sand was collected. Three replicas were made with filter sand from each of the four layers, and the bottles were closed with Teflon caps and aluminium lids and then stored overnight at 10°C in the darkness.
The next morning, 10 mL 14 C-MCPP was added to reach an initial concentration of 0.2 µg/L. The bottles were then incubated in a 10°C orbital incubator (1,400 rotations/day) for 48 hours, to reach MCPP equilibrium between the filter sand and the water. Samples of 5 mL were extracted from the water phase and filtered (0.2 µm PTFE, Advancetec/MFS 13 HP) into 20 mL vials. The extracted water volume was replaced with sterile air. Base traps were made in the 20 mL vials, as described under "2.5 Microbial degradation", while data were analysed assuming a linear isotherm:
= 14 / 14 where 14 C s is the amount of MCPP adsorbed into the filter sand and 14 C w is the amount of MCPP in the water phase, given in L/kg.
Measurements of 14 C-activity
Base traps were stored for at least two days to assure that all 14 CO 2 was stripped off and caught by the base in the 6 mL vials. A scintillation liquid (Optiphase HiSafe 3, Wallac) was added to the 20 mL and 6 mL vials. The vials were kept for two days in dark after which 14 C-activity in the samples was quantified by a liquid scintillation analyser (WinSpectralTM, 1414 Liquid Scintillation Counter).
Results and discussion
Waterworks
Water quality parameters were measured in inlet water and effluent water of the waterworks ( Table 2 ). The raw water contained high concentrations of iron (II) and manganese (II), and MCPP had been continuously detected in raw water for nine years (Figure 1) .
Total water flow through the waterworks was approximately 1,600 m 3 /day, split between 320 m 3 /day for Filter line 1 and 1,280 m 3 /day for Filter line 2. The sand in the secondary rapid sand filters in Filter line 2 was very homogeneous over all depths, and over 90% of the sand had a diameter of 1-2 mm with an average diameter of 1.5 mm (Table 1) . With an assumed porosity of 40% this gave an average filter pore velocity of 0.8 m/hour in Filter line 1, resulting in a contact time of 63 minutes, while in Filter line 2 the filter pore velocity was 6.1 m/hour and the contact time was 8 minutes (Table 1) . Consequently, contact time in the secondary sand filters in Filter line 2 was within the normal range of between 7.5 and 20 minutes for rapid sand filters (Winter et al., 2003) , while the contact time in Filter line 1 was substantially longer.
The amount of total organic carbon (TOC) in the filter material was very low at all filter depths, at approximately 1 mg/g of the dry filter sand (Figure 3) . The coating by iron and manganese oxides decreased in line with filter depth. Hence, manganese (II) decreased from 5.2 to 4.4 mg/g of the dry filter sand, and iron (II) decreased from 8.5 to 6.1 mg/g of the dry filter sand (Figure 3) . 
Water quality parameters throughout Kerteminde Waterworks
Concentrations of different natural groundwater contaminants were measured throughout Kerteminde Waterworks in Filter line 2, to investigate whether compounds which the waterworks was designed to remove were actually removed from the water as expected (Figure 4) .
Oxygen concentration increased to 10.3 mg/L during aeration and did not decrease to less than 9.9 mg/L throughout the subsequent treatment process ( Figure  4) .
Iron (II) concentration in the water phase decreased from 4.4 mg/L to 3.3 mg/L during aeration and in the subsequent reaction chamber, but it was removed primarily in the primary filters, where the concentration decreased from 3.3 mg/L to 0.22 mg/L. In the secondary filters, iron (II) decreased to below the detection limit ( Figure  4) . Aeration did not influence the concentration of manganese (II) at 0.22 mg/L. Manganese (II) was removed in both the primary and secondary rapid sand filters, albeit mainly in the secondary filters, where the concentration decreased from 0.14 mg/L to below the detection limit ( Figure 4) .
Ammonium concentration decreased from 0.55 mg/L to 0.49 mg/L during aeration. In the primary rapid sand filters ammonium concentration decreased to 0.27 mg/L, while it decreased to 0.012 mg/L in the secondary rapid sand filters (Figure 4) .
Hence, the investigations revealed that iron (II) was removed principally in the primary filter. Ammonium concentrations decreased in the primary and secondary filters, while manganese (II) was removed mainly in the secondary filter. Iron and ammonium are known to affect manganese oxidation, which explains why manganese was oxidised mostly after the iron (II) and ammonium concentrations decreased (Tekerlekopoulou, 2013; Mouchet, 1992) .
MCPP concentrations throughout Kerteminde Waterworks
MCPP concentration was affected by neither the aeration process nor the primary filters ( Figure 5 ). In the secondary filters in Filter line 1 (t contact = 63 minutes), MCPP concentration decreased from 0.037 µg/L to below the detection limit (0.010 µg/L), and in Filter line 2 (t contact = 8 minutes) it decreased from 0.046 µg/L to 0.025 µg/L. Hence, most MCPP was removed in the secondary filter in Filter line 1 (t contact = 63 minutes). However, when water from the two filter lines was mixed in the clean water tanks, MCPP was diluted to below the detection limit. 
Depth profiles of water quality in the secondary rapid sand filter
As MCPP was removed in the secondary rapid sand filters, water quality parameters were measured over different depths in the secondary sand filters in Filter line 2 (t contact = 8 minutes), in order to investigate the depth profiles ( Figure 6 ). The removal of iron (II), manganese (II) and ammonium was stratified over different depths. Iron (II) concentrations decreased mainly in the top 30 cm, while manganese (II) also dissipated quickly in the top layers of the secondary filter and decreased to below the detection limit in the upper 70 cm. Ammonium was removed continuously in the upper 70 cm of the filter, while in the lower part this removal decreased. Hence, inorganic compounds were removed by the filter, as expected. Contrary to the stratified removal of inorganic compounds, MCPP was removed continuously in all filter sand layers ( Figure 6 ). 
Removal of MCPP by microbial degradation
It was investigated whether the removal of MCPP in the rapid sand filter was governed by abiotic or microbial removal mechanisms. The microbial degradation potential of the different layers in the filter sand was investigated in microcosms. After 24 hours, 79-86% of the MCPP was removed by filter sand at all depths (Figure 7a ). According to removal in the abiotic controls, sorption processes were responsible for 11-15% of MCPP dissipation over a 24-hour period (Figure 7a ). After 24 hours approximately 70% more MCPP was removed in the active microbial microcosms than in the abiotic controls, so the filter sand showed an evident microbial degradation potential. The removal of MCPP was in fact rapidconcentration decreased by approximately 40% during the first three hours.
Microbial degradation in the different filter sand layers did not differ substantially (Figure 7a ), which was consistent with changes in MCPP concentration over different depth in the filter, which showed an equal removal of MCPP in all filter layers ( Figure 6 ). In samples from all filter depths, MCPP was partially mineralised (Figure 7b ). After 24 hours, 12.5-17.5% of the 14 C in the microcosms was recovered as 14 CO 2 (in contrast to abiotic controls, where 2% was detected). Hence, part of the observed MCPP removal led to complete microbial degradation of the pesticide.
MCPP was not removed in the controls with water only (Figure 7a ), and mineralisation in this case corresponded to what was detected in the abiotic controls (Figure 7b ). Hence, there was no removal potential of the water, and removal in the microcosms must have been caused by processes in the filter sand. 
Removal by sorption
In the top layer of the secondary filter, 21% of the initial MCPP adsorbed onto the filter sand within 48 hours (Figure 8 ). Sorption capacity decreased in line with filter depth, and in the lower layer only 7% of the initial MCPP was removed by adsorption. Assuming a linear isotherm, this corresponds to a decrease in the distribution constant K d , from 0.27 L/kg to 0.08 L/kg, which is higher than on quartz from aquifer material where sorption was undetectable -less than 1% . 
Perspectives
The concentration of different compounds which the waterworks was designed to remove, were removed through the treatment line as expected. Hence, the water treatment processes at Kerteminde Waterworks were functioning well and removed unwanted substances. However, the treatment line at Kerteminde Waterworks differed from the normal operation at waterworks in Denmark by having long contact times (63 minutes) in the secondary filters at Filter line 1, which was where the most substantial MCPP removal was observed. MCPP was removed in secondary rapid sand filters, where several abiotic and biological processes were constantly removing natural inorganic and organic contaminants, namely iron (II), manganese (II), ammonium, methane, hydrogen sulfide and natural organic matter (NOM). It should be noted that all of these processes may interact, and as such they constitute a very reactive environment for the degradation of different organic compounds, including MCPP.
Contact time for the water in Filter line 1 was eight times longer (63 minutes) than in Filter line 2 (8 minutes) ( Table 2 ). Despite the short contact time in Filter line 2, the secondary rapid sand filters removed more than 50% of the inlet MCPP, and the removal of MCPP was thus was very efficient. The complete removal in Filter line 1 might simply be due to a longer reaction time in the filter; otherwise, the longer contact time could cause greater biomass and thereby the increased microbial degradation of MCPP in the filter. Other research has also indicated that longer contact time has a positive effect on the removal of micro pollutants in rapid sand filters (Hedegaard and Albrechtsen, 2014; Zuehlke et al., 2007) .
Filter sand has a characteristic mineral coating due to the precipitation of metal oxides during water treatment. Though iron (II) and manganese (II) were removed from the water phase in the upper layers of the secondary rapid sand filter ( Figure 6) , their oxides were present at all filter depths, probably due to mixing during backwashing (Figure 3) . However, the concentration of metal oxides was stratified and decreased according to depth. At a neutral pH, MCPP adsorption onto minerals such as quartz and calcite is undetectable , while MCPP can adsorb onto iron oxides . Hence, the observed abiotic removal of MCPP could be related to precipitated iron oxides in the rapid sand filters. However, MCPP was not removed in the primary filters, where most iron oxides precipitated (Figure 4 and 6) , so adsorption onto iron oxides was therefore unlikely to be the governing removal process. The adsorption of other pesticides into activated carbon could be enhanced by a manganese oxide coating (Cui et al., 2012) . Since manganese oxides were present at all filter depths, the adsorption of MCPP onto manganese oxides could explain why MCPP was removed continuously throughout the filter. The decreasing concentration of manganese oxides according to filter depth could explain why the distribution constant of MCPP as a measure of sorption capacity decreased from 0.27 cm 3 /g to 0.08 cm 3 /g. The removal of MCPP by sorption might be influenced by backwashing the filters, which occurred four times a week for the secondary sand filters (Table 1) . Backwashing removes some of the mineral coating on the filters, and it might thereby remove some of the adsorbed MCPP. However, any loss of mineral coating could also decrease sorption capacity, if MCPP adsorbed onto precipitated oxides.
Since MCPP was removed completely in Filter line 1 (t contact = 63 minutes), adsorption cannot be the sole removal mechanism; in this case, microbial degradation also contributed to the removal of MCPP. This was also emphasised by the microcosm investigations, which showed a substantial amount of microbial degradation potential in the filter sand (Figure 7) . MCPP removal might be caused by an interaction between adsorption and microbial degradation, where MCPP initially adsorbs onto the mineral coatings on sand grains, from where it is accessible to micro-organisms.
Filter sand from Kerteminde Waterworks showed substantial potential for the aerobic biodegradation and mineralisation of MCPP at sub µg/L concentrations. This corresponds to previous observations of aerobic biodegradation of MCPP with aquifer materials (Janniche et al., 2010; Toräng and Albrechtsen, 2003) . However, an adaptation phase of more than 16 days is required before MCPP degradation is initiated in aquifer material (Agertved et al., 1992; Tuxen et al., 2000; Janniche et al., 2010) . Filter sand that has not previously been exposed to pesticides is able to remove pesticides without an adaptation phase (Hedegaard and Albrechtsen, 2014) and in the current laboratory experiments degradation of MCPP was also initiated immediately (Figure 7) . However, the secondary filters at Kerteminde Waterworks had been exposed to concentrations of MCPP for at least nine years prior to these investigations (Figure 1) . The concentration of MCPP in waterworks effluent water and in abstraction wells followed the same pattern until approximately 2000, where it decreased rapidly in the effluent water over two years compared to the decrease in the abstraction wells (Figure 1) . It was therefore evident that the processes at Kerteminde Waterworks were enhanced in this period as far as MCPP removal was concerned. However, it was not possible to determine if the increased MCPP removal was due to an adaptation of the microbial community resulting in microbial degradation of MCPP.
Conclusion
These investigations have shown that:
• The herbicide MCPP was removed from an inlet concentration of 0.037 µg/L to below the detection limit of 0.010 µg/L out through Kerteminde Waterworks. • Water treatment processes at the waterworks performed in the same way as comparable waterworks, though contact time in the secondary rapid sand filters in Filter line 1 was long, 63 minutes. Aeration added oxygen to anaerobic groundwater. Iron (II) was removed mainly in the primary filter, which also decreased ammonium concentration. Manganese (II) was removed primarily in the secondary rapid sand filters. Hence, rapid sand filters supported several abiotic and biological processes and included competences for the degradation of different compounds. • MCPP concentration decreased continuously at different depths in the fullscale secondary filters and decreased mostly (from 0.037 µg/L to below the detection limit (0.010 µg/L)) in the filters in Filter line 1, where water velocity was low (t contact = 63 minutes). • In laboratory investigations, filter sand removed MCPP both by sorption and by microbial degradation. After 24 hours, 79-86% of MCPP was removed, out of which 11-15% was removed by abiotic processes, 13-18% was completely mineralised and the remaining fraction was removed by microbial processes, which did not lead to complete mineralisation within 24 hours. • Filter sand from different depths showed that the microbial removal of MCPP did not change according to depth, while adsorption decreased in line with the depth of the filter.
The removal of MCPP at Kerteminde Waterworks showed that a full-scale rapid sand filter at a Danish waterworks was able to remove pesticide contamination from drinking water. If sand filters can be used in this respect, it is of substantial commercial interest, since this treatment method is simple and environmentally and economically sustainable (Godskesen et al., 2011) .
